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Designing Magnesium-Selective Ligands Using 
Coordination Chemistry Principles  
  
Edward R. H. Walter,* a Christopher Hogg,b David Parkerb and J. A. Gareth Williamsb 
a Department of Chemistry, Imperial College London, Molecular Sciences Research Hub, White City Campus, 
Wood Lane, London, W12 0BZ, UK 
b Department of Chemistry, Durham University, Durham, DH1 3LE, UK.    
 
Abstract 
Progress in the selective binding and detection of magnesium ions has been slower than 
other biologically important divalent metal ions like calcium and zinc.  The most widely used 
ligands for Mg2+ are by no means optimal, as they are not selective for it.  Nevertheless, 
Mg2+ is a major cation in all cells, with physiologically critical functions.  There is a need for 
improved sensors for Mg2+.  In this review, we consider how an appreciation of fundamental 
coordination chemistry principles may inform the development of new ligands for Mg2+.  A 
number of representative examples of ligands of differing denticity are discussed in this 
context. 	  Low-denticity ligands such as β-keto acids offer the best selectivities, but speciation 
is an issue as other polydentate ligands such as pyrophosphate may complete the 
coordination sphere.  High-denticity ligands based on aminocarboxylates such as APTRA 
typically offer the highest stability constants, but they bind Ca2+ and Zn2+ more strongly than 
Mg2+.  We highlight recent examples featuring related aminophosphinates, where the longer 
bonds and smaller bite angles favour selectivity towards Mg2+. Macrocylic receptors for 
magnesium are not discussed explicitly. 
 
Keywords:  Magnesium; ligand design; selectivity; sensing; fluorescence spectroscopy; 
fluorescence imaging.  
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1. Introduction  
Magnesium is the second most abundant divalent cation in the body, with total 
concentrations in mammalian cells normally in the range 14 – 20 mM [1].  Most cellular Mg2+ 
is bound to adenosine triphosphate (ATP), polyphosphates and pyrophosphates, in the 
mitochondria and endoplasmic reticulum in particular, such that the concentration of the 
‘free’ Mg2+ ion is much lower, typically around 0.8 – 1.5 mM§	  [2–4]. The distinction between 
‘free’ (ionisable) and bound magnesium is rather arbitrary, and should be considered with 
respect to its intracellular compartmental distribution.  
Magnesium ions have a number of key fundamental roles within cells, for example, 
stabilising the structure of DNA [5,6] and controlling the conformation of nucleic acids and 
proteins [7].  Mg2+ is established as an essential co-factor in over 600 enzymatic reactions 
[8], either directly or by substrate modification on binding [9].  Of particular importance is the 
activation of ATPase, a process that is crucial for the generation of energy within cells.  The 
mis-regulation of Mg2+ concentrations in serum is also known to correlate with a number of 
severe health conditions.  For example, Mg2+ deficiency and the onset of hypomagnesemia, 
is linked to a range of cardiovascular [10], neurodegenerative [11,12] and renal diseases 
[13].  Elevated magnesium concentrations, or hypermagnesemia, is significantly less 
widespread, but has been linked to muscle weakness and fatigue [8].  
Over many years, only slow progress has been made in developing methods for the 
selective detection of Mg2+.  Hasselbach first published work indicating the importance of 
magnesium ions within cells in 1957 [14] and yet, over half a century later, still very little is 
known about the homeostasis of Mg2+.  The slow pace of advances in selective detection of 
Mg2+ led Wolf and co-workers to label it the ‘forgotten cation’ in a review in 2010 [15].  Other 
biologically relevant cations such as Ca2+, H3O+, Na+ and Zn2+ have been studied in far 
greater depth, unlocking detailed information on transportation and homeostasis in 
mammalian cells.   
In order for more information to be gained on Mg2+ homeostasis, more sensitive and 
selective methods are required for its detection and quantification.  Analytical methods such 
as atomic absorption spectroscopy (AAS) are inaccurate and impractical at the cellular and 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
§	  The use of the word ‘free’ (also termed ‘labile’ in some instances) here denotes cations that are 
hydrated but, importantly, not bound to biomolecules or assemblies such as nuclei acids or 
phospholipids where Mg2+ fulfils a structural role. ‘Free’ cations may have the ability to move between 
biological compartments, including cells and organelles.  ‘Free’ Mg2+ is typically found in the range 0.5 
to 2 mM and such a value is typical of its concentration in the cytoplasm and endoplasmic reticulum.	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sub-cellular level.  Meanwhile, the use of isotopically enriched magnesium (25Mg and 26Mg 
are stable, along with the main isotope 24Mg) offers promise but requires sophisticated mass 
spectrometry techniques, such as ICP-MS, to improve the accuracy of results [16], whilst 
tracer work with radioactive 28Mg is limited to appropriately accredited laboratories.   
Since the 1980s in studies initiated by pioneers such as Roger Tsien, the development of 
luminescent probes has revolutionised understanding of the role of Ca2+ ions in cell biology. 
The design of analogous probes for Mg2+ has the potential to transform knowledge of 
magnesium in a similar manner. But, progress has been slower and selectivity for 
magnesium over calcium in particular remains the greatest challenge.  Many of the current 
clinically available probes based on pentadentate ligands have selectivity issues with 
competing divalent cations, including Ca2+ and Zn2+, while more recent alternative probes of 
lower denticity are subject to competition with Mg–ATP2– and related phospho-anion 
complexes limiting their scope for biomedical application [17]. 
A cursory literature search rapidly reveals that there is rather little variation in ligand design 
regarding Mg2+ binding chelates. The novelty in new sensors has hitherto typically come 
from modifications to the parent chromophore, or the use of different fluorophores to improve 
the photophysical properties. More work on the metal-binding unit is imperative if new, more 
selective Mg2+ binding probes are to be developed successfully.   
An informative and accessible recent review from Buccella and Lazarou outlines a number of 
the key and pressing issues that surround the quest for a greater understanding of the role 
of Mg2+ in cell signalling [18].  Here, in contrast, we seek to outline recent developments 
towards the design and synthesis of new binding chelates and luminescent probes to bind 
and signal Mg2+ selectively.  Of particular importance is the consideration of fundamental 
and sometimes overlooked coordination chemistry principles to improve the selectivity of 
metal ion binding.   
 
2. Ligand Design Principles  
In order to design ligands that bind metal ions selectively and with a suitable affinity profile, a 
number of important factors need to be considered.  Fundamental principles of coordination 
chemistry, such as the Hard-Soft Acid-Base (HSAB) principle, coordination number 
preference, and the chelate effect, provide a starting point in the development of new and 
improved probes for Mg2+.  Of course, there are other factors to be considered too, one of 
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which is pH response – or rather the lack thereof.  It is highly desirable for the probe to show 
no changes with pH variation over the physiological range of 6 – 8 (and lower for some 
organelles such as lysosomes [19]), otherwise additional controls have to be introduced.  
Salient photophysical considerations concerning the incorporation of the luminescent 
reporter group are discussed at the end of this section. 
2.1 Sensitivity and Selectivity of Metal Ion Binding   
The position of the equilibrium between a ligand L and metal cation M is quantified by a 
binding constant.  In the literature, both association (Ka) and dissociation (Kd) constants are 
used when discussing ligand binding. An expression of Kd, as well as its relationship to Ka,  
is shown in Eq. 1. Spectroscopic outputs, such as the emission intensity of the reporter 
group of a luminescent sensor, will be at least approximately proportional to the mole 
fraction of the bound form, ML, that is present at given concentration of [M] [20].  A Kd value 
in the same range as the concentration of target metal ion (for example ~ 50 mM in Fig. 1 
green) is required to measure fluxes accurately. When Kd >> [M] or Kd << [M] the 
spectroscopic output will be essentially invariant with changes in [M] (Fig.1 blue and red). 
However, it should be noted that ligands in the latter regime, or even with irreversible 
binding, may still have application as a ‘chemodosimeter’ [21].  
Kd = 
[M][L]
[ML]   =  
1
Ka
      (Eq. 1) 
 
Fig. 1. Binding isotherms for a 1:1 metal (M) to ligand (L) 


















Total Metal Ion Concentration / mM 
Kd << [M] 
Kd = [M] 
Kd >> [M] 
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Not only should a sensor have an appropriate Kd value, comparable to the concentration of 
metal ions [M] under investigation, it should also be selective for the target metal ion, since 
samples for analysis typically contain numerous different metal ions.  In terms of cell biology 
applications, for example, the sensor should not respond to other metal ions at their 
prevailing cellular concentrations.  We shall consider some of the approaches that allow 
tuning of the sensitivity and selectivity of ligand chelates for this purpose. 
 
2.2 Choice of Donor Group 	  
The choice of the donor or ligating group is usually the starting point for ligand design, and is 
a critical consideration in order to form stable metal complexes.  In the 1960s, Pearson 
developed the HSAB principle, proposing that anions and neutral lone pair donors (Lewis 
bases) and cations (acids in the Lewis definition) could be divided into “hard” and “soft” 
categories (Table 1) [22,23].  Hard bases will bind favourably with hard acids; soft with soft.  
Hard acids and bases are considered to be of low polarisability, for example, small, charge 
dense ions often with a high formal charge.  In contrast, soft acids and bases display the 
opposite characteristics.  More promiscuous ions, which show affinity to both hard and soft 
ions, are referred to as “borderline”.  The HSAB principle has proved to be a remarkably 
useful starting point for further tuning and refining the design of ligands to enhance 
selectivity.  The right choice of ligand donor can significantly improve binding selectivity and 
thermodynamic stability of the complexes formed.  Choosing the ‘wrong’ donor group is likely 
to have a detrimental effect on metal ion selectivity and affinity.  It is relatively straightforward 
to discriminate between hard and soft acids by changing the ligand donor groups.  However, 
differentiating between multiple hard acids or soft acids is more challenging: other properties 
of the metal ions then need to be considered, such as size, polarisability and preferred 
coordination number.  
Table 1 Examples of hard and soft acids (metal ions) and bases (neutral and anionic ligands) [22,23]. 
 Hard Soft Borderline 
Acids (Metal ions) Li+, Na+, Mg2+, Ca2+ Cu+, Ag+, Pd2+, Pt2+ Zn2+, Fe2+, Co2+, Ni2+ 
Bases (Ligands) F–, Cl–, H2O, –COO–, 
HPO42–, NH3, R–NH2 
I–, HS–, CN–, PR3 Br–, NO2–, SO32– 
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2.3 The Chelate Effect and Chelate Ring Size  
The “chelate effect” refers to the increased thermodynamic stability of metal complexes with 
a polydentate ligand over an analogous complex where each donor atom is provided by a 
monodentate ligand.  Such a simple definition is often sufficient, although more thorough 
definitions have been proposed [24].  The origin of the chelate effect in aqueous solution is 
commonly attributed to a large increase in the translational entropy of the system upon 
binding of a chelating ligand, due to the expulsion of the water molecules of the hydrated 
metal ion [25].  In reality, the effect is more nuanced, as additional entropic factors based on 
vibration, rotation, solvation, symmetry and the number of isomers available to a complex 
are also important [26].  Indeed, the entropic change may be less favourable than appears 
from the simple picture of water expulsion.  Flexible ligands will often have access to many 
conformations in their unbound form, but are generally restricted to a smaller subset when 
bound to a metal ion, reducing the entropic favourability of complexation.  In 1988, Cram 
stated that “pre-organisation is a central determinant of binding power” [27], describing in 
detail how more rigid ligands give rise to larger association constants compared to their 
flexible analogues.  Enthalpic considerations of the chelate effect should not be neglected 
though, as they can be harnessed to provide a method for tuning metal ion selectivity 
(Section 2.4 and 2.5). The use of macrocyclic ligands will not be discussed here in the since 
the application of aza-crown ethers, for example, as probes for Group 1 and 2 metal ions in 
solvents of differing polarity, has been extensively covered in recent reviews [28,29]. In the 
case of Mg2+ binding, quinolyl-substituted diaza-crown ethers have shown some promise 
and typically display Kd values in the 𝜇M range, making them appropriate to measure total 
free magnesium intracellular concentrations. These analyses offer modulation of the rather 
weak fluorescence emission intensity and require both the cell sample to be lysed and the 
use of methanol as a co-solvent in the measurement [30].  
Five and Six-Membered Chelate Ring Formation  
It is well known that increasing the chelate ring size from 5 to 6 decreases complex stability, 
but it is often overlooked that the extent of this decrease depends on the size of the metal 
ion.  Generally, increasing the chelate ring size from 5 to 6 will destabilise complexes with 
larger metal ions more than smaller ones [31,32].  Such an observation is shown graphically 
for selected multidentate ligands in Fig. 2.¶ 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
¶	   Ethylenediamine (EN), Trimethylenediamine (TN), Bipyridine (BPY), DPYA (2,2’-Dipyridylamine), 
Ethylenediaminetetracetic acid (EDTA) and Trimethylenediamine-N,N,N’,N’-tetraacetic acid (TMDTA).	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Fig. 2. The change in log Ka on going from a 5-membered chelate ring to 
an analogous 6-membered chelate shown as function of metal ion radius 
[32–34].  EDTA vs TMDTA is shown in red circles, BPY vs DPYA in blue 
triangles and EN vs TN in green squares. I = 0.1 M and T = 25 °C (in 
some cases, values have been corrected from 20 °C to 25 °C) [35]. 
 
Using EN and TN as examples, the phenomenon of chelate ring size may be understood by 
considering the bond lengths and angles adopted in the minimum strain energy 
conformations of 5- and 6-membered chelate rings (Fig. 3).  The 5-membered chelate, 
adopting a distorted half-chair-like conformation, displays longer M–N bonds and a smaller 
N–M–N bite angle compared to the 6-membered chelate.  The latter experiences minimum 
strain in a chair conformation similar to that of cyclohexane.  
Given that larger metal ions are more amenable to longer M–N bonds and typically have 
higher coordination numbers, they prefer smaller bite angles. And so, a large increase in 
unfavourable strain energy on moving from a 5- to 6-membered chelate ring is likely for large 
metal ions.  The enthalpy of binding for large metal ions is thus expected to be much less 




























Metal Ion Radius / pm 
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supported both by experimental data [32,35] and by values estimated by DFT [36].  
Conversely, smaller metal ions will be more suited to the shorter bonds and larger bond 
angles required to minimise strain energy in the 6-membered chelate, so the reduction in the 
enthalpy of binding is much less on moving from a 5- to a 6-membered chelate.  
Furthermore, the change in Ka on increase in chelate ring size from 5 to 6 is far more 
dramatic for rigid ligands and/or ligands of higher denticity.  The effect is very small for EN vs 
TN, whilst it is much larger for BPY vs DPYA and EDTA vs TMDTA (Fig. 2) [32,35,37].  Such 
a change is consistent with the interpretation that the effect is based on changes in strain 
energy in the complex, as one would expect that complexes of more rigid / polydentate 
ligands would be far less accommodating of deviations from the minimum strain energy 
values shown in Fig. 3.  
 
Fig. 3. The minimum strain energy conformations 
of (A) 5-memebered, and (B) 6-membered ring 
chelate on binding of metal ions (in black) formed 
on the coordination of EN and TN with metal ions 
(in pink). 3-Dimensional representations of the 
structures are also shown (bottom).  
 
A recent review (2019) of complexes containing the bidentate ligands PHEN, BPY and EN in 
the Cambridge Structural Database (CSD) has shown that an increase of the metal ion 
radius results in a decrease in the angle of the N–M–N bite angle with elongation of the M–N 
bond lengths [38].  The trend holds firm for the 3d elements in particular.  Some larger 
cations, such as La3+ and Hg2+, have been found not to fit the trend though, so some caution 
is required when generalising that larger metal ions favour the formation of 5-membered ring 
chelates [38].  Nevertheless, introduction of a 6-membered chelate ring is a useful tool likely 
to increase the selectivity of a ligand towards smaller metal ions. 
- 9 - 
2.4 Ligand Denticity  
The use of chelating and macrocyclic ligands not only offers a way to increase binding 
strength, but can also provide a method for tuning the selectivity of the ligand. Increasing the 
ligand denticity is often thought to lead to an increase in complex stability [25].  However, 
there are examples where decreasing the ligand denticity inherently increases the stability of 
complexes with smaller cations [39].  For example, the removal of three neutral oxygen 
donors on going from diethylenetrioxydiacetate (DETODA) to oxalate decreases the log Ka 
values of larger metal ions, such as Sr2+, whilst increasing the log Ka values of smaller metal 
ions, such as Cu2+ (Fig. 4). 
 
Fig. 4. The change in log Ka on going from the ML 
complex of diethylenetrioxydiacetate (DETODA) to 
oxalate (Oxal) as a function of metal ion radius; I = 
0.1 M, T = 25 °C [32,34,35].  
 
Changing ligand denticity will affect the enthalpies and entropies of metal ion binding.  There 
is likely to be a similar, smaller entropic gain in the system for both small and large cations 
on going from a ligand with higher denticity to one with lower denticity.  However, smaller 
cations can suffer enthalpic penalties when binding to high denticity ligands, due to steric 
crowding around the small metal centre.  So, for smaller ions, reducing the denticity may 
actually lead to a more favourable enthalpy of binding that outweighs the decrease in the 
entropy of binding.  Conversely, for larger metal ions – which are less likely to encounter 
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on moving from higher to lower denticity [32].  Reducing ligand denticity may thus offer one 
method for favouring selectivity towards smaller metal ions over larger ones. 
 
2.5 Photophysical Aspects in Luminescent Probe Design  
In addition to ligand design, it is also necessary to consider the properties of the luminescent 
reporter group and the nature of signal transduction on binding. 
2.6.1 Desirable Photophysical Characteristics  
The choice of luminescent reporter group for a biological application is an important one.  
Low energy excitation is desirable, increasing the tissue penetration of light for optical 
imaging due to the lower absorbance of endogenous biomolecules.  High energy excitation 
(e.g. in the UV or violet/blue regions), can cause intracellular damage through the formation 
of reactive oxygen species (ROS) [40], limiting their widespread application.  Probes that not 
only satisfy this requirement, but also have large molar extinction coefficients (ε), high 
luminescence quantum yields (Φlum) and excellent photostability, are highly desirable.  
The use of luminophores with a large Stokes’ shift (the relative energy difference between 
the absorbance and emission of light) is also preferable.  In many organic fluorophores, the 
energy difference is small, attributable mainly to the reorganisation of solvent molecules 
around the excited state molecule.  Significant overlap of absorption and emission spectra 
can result in problems such as self-absorption, where emitted light is reabsorbed by  ground-
state molecules  [41].  Phosphorescent metal complexes that emit from triplet states have 
intrinsically larger differences between absorption and emission energy, as does the 
sensitised emission of lanthanide ions. 
2.6.2 Signal Transduction  
Recognition of a binding event is often achieved by one of two methods, either a 
perturbation of an internal charge transfer (ICT) excited state (Fig. 5A) or the inhibition of 
non-radiative decay by photoinduced electron transfer (PeT) (Fig. 5B) [42].  Fluorescence 
Resonance Energy Transfer (FRET) can also be used to quantify binding events [43–45], 
but no such probes appear to have been synthesised for Mg2+ to date.  
ICT-based sensors are perhaps the most utilised for the binding of metal ions and rely upon 
a “push-pull” energy transfer mechanism from an electron donor to an electron acceptor 
moiety. Such a process is most commonly achieved by directly conjugating one or more of 
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the ligating atoms with the aromatic reporter group, making a significant contribution to the 
frontier molecular orbitals of the molecule. Upon binding of a metal ion, the charge transfer 
from the donor atom is reduced significantly and a hypsochromic (blue) spectral shift is 
typically observed.  Such a shift in wavelength, often observed in the excitation spectrum, 
enables binding events to be measured ratiometrically by monitoring the multiple excitation 
wavelengths and calculating the ratios of the subsequent intensity outputs (Fig. 5A).  
Comparing two (or more) wavelengths is particularly advantageous as it eliminates 
discrepancies in the degree of cell uptake and cell extrusion of the sensor, or fluctuations in 
light intensity at the observation point [46].However, it should be noted that, unlike the ideal 
case thus far described, in many instances the wavelength spectral shifts involved are small, 
such that only an intensity change of a single peak is observed. In this scenario, ratiometric 
measurements are not possible and quantitative metal ion concentration determination can 
only be achieved if additional factors such as ligand concentration are known. 
Luminescent sensors that work on the basis of a PET sensing mechanism are very different, 
and tend not to be appropriate for ratiometric sensing.  The binding chelate is commonly a 
separate, discrete entity from the luminescent reporter and so has little influence on the 
relevant ground and excited state energies of the probe.  Instead, PET offers a route to a 
non-radiative decay process by luminescence quenching, either in the unbound or bound 
state, causing a “turn-on” (reductive PET inhibited upon cation binding) or “turn-off” 
(oxidative PET is promoted on cation binding) response in the emission respectively (Fig. 
5B). Due to its “turn-off” nature, oxidative PET is less desirable and binding is more difficult 
to quantify [47,48].  Our focus in this review is on ligand design, so for a more detailed 
evaluation of luminescent reporter groups and explanation of signal transduction 









Fig. 5. Showing (A) the perturbation of an ICT excited state with a characteristic hypsochromic shift in the 
excitation spectrum and (B) a ‘turn-on’ reductive PET mechanism following metal ion binding.  
 
2.6.3 Biochemical Considerations 
If a molecular probe is to be utilised in a biological setting, there are a number of other 
technical aspects to be considered.  One such consideration is the delivery of the probe to 
the cell.  Ideally, for passive diffusion into the cell, the probe should be sufficiently polar to be 
water soluble but lipophilic enough to pass through the membrane.  This is potentially 
problematic for many metal ion probes, particularly for hard cations, as the presence of 
anionic donors such as the carboxylate group often hinders diffusion across the cell 
membrane.  To counteract this issue when developing sensors for Ca2+, Tsien and 
colleagues synthesised the acetoxymethyl (AM) ester of BAPTA – a kind of pro-drug 
approach to cellular imaging [51].  The AM ester confers a suitable lipophilicity to the probe 
so that it can cross the plasma membrane and, once the AM functionalised probe enters the 
cell, esterases hydrolyse the ester to the free carboxylate.  The sensor, now being anionic, 
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other pathways).  Utilisation of the AM ester to concentrate sensors in cells is now a popular 
method for sensors containing carboxylate units, as passive diffusion is less intrusive than 
methods such as microinjection [52].  
Beyond achieving entry to the cell, it may also be desirable for the sensor to localise into a 
particular compartment. Though not fully understood, this can often by achieved by 
appending the sensor with a certain functional group or vector.  It can be as simple as a 
triphenylphosphonium cation for mitochondrial localisation, or more complex, e.g. using a 
particular peptide [53].  When designing a sensor, it is important to keep this in mind, as 
candidates that show promise in preliminary cellular studies should ideally be able to be 
modified further to allow targeting to a desired organelle. A final point to note is that the 
sensor should be non-cytotoxic (or have only low cytotoxicity) both in the ground and excited 
states.  
 
2.7 Designing Selective Probes for Mg2+ ions 
The principles discussed above can be applied to the selective coordination of any particular 
metal ion in aqueous media, but specifically with regards to Mg2+, they are important to 
consider in order to develop more selective probes.  Since ‘free’ Mg2+ in most cells is in the 
range 0.8 – 1.5 mM, ligands should be designed with Kd ~ 1 mM to provide an appropriate 
sensitivity.  Mg2+ is a small (ionic radius is 72 pm in coordination number six) [25], non-
polarisable, hard divalent cation that forms its more stable complexes with hard ligands 
containing oxygen and / or nitrogen donor groups.  Binding selectivity over softer cations can 
be easily achieved through choice of the ligand donor groups.  For example, Cu+ ions are 
considerably softer and favour the binding of soft ligand chelates such as thioether 
functionalised systems (Table 1, Section 2.2) [54].  Selectivity for Mg2+ over Cu+ is thus 
readily achievable. 
However, Ca2+ and Zn2+ are the main competing divalent cations for Mg2+ in vivo.  Ca2+ is 
also a hard acid, favouring binding to oxygen and nitrogen donor groups, such as 
carboxylates and amines.  Considering the donor group only is, therefore, not enough and 
other properties of the cations need to be considered.  Ca2+ is much larger than Mg2+ (typical 
ionic radius of Ca2+ is 100 pm in coordination number six and 112 pm in coordination number 
eight) [34], offering the possibility to tune the binding by changing the ligand chelate ring size 
and denticity (Section 2.4 and 2.5).  In contrast, gaining selectivity over Zn2+ by methods 
based on size alone is difficult due to the similarity in size of Mg2+ and Zn2+ (typical ionic 
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radius of Zn2+ is 74 pm in coordination number six [34]). Strategies based around varying the 
identity of donor groups will be more successful, as Zn2+ is a borderline cation in the HSAB 
categorisation.  In its interactions with ligand donors, Zn2+ has a greater degree of covalency 
than Mg2+, in part associated with the poorer shielding of nuclear charge afforded by the 3d 
electrons.  
Many chelates for Mg2+ are based on the pentadentate o-aminophenol-N,N,O-triacetic acid 
(APTRA) framework or bidentate β-keto acids.  The relative merits of these high and lower 
denticity approaches are discussed in detailed in Sections 3 and 4 respectively.  To reduce 
the competitive binding of Ca2+ and Zn2+, it is thought that a lower denticity could be 
favourable.  Insightful work by Buccella and co-workers on the APTRA ligand, has found that 
there is a large enthalpic penalty (thought to be due to differences in the hydrated 
complexes) but also a large entropic gain for the binding of Mg2+ [55].  For the larger Ca2+, 
this enthalpic penalty is much smaller, with entropy the underlying factor to consider. The 
binding constant will simply decrease in accordance with the smaller entropic gain upon 
changing to a lower denticity ligand. In contrast, the binding of Mg2+ to a ligand of lower 
denticity would result in a smaller change in the binding constant.  In this case, the decrease 
in the enthalpy penalty would be offset by the decrease of the entropy of binding.  Such an 
investigation provides evidence that a higher binding selectivity for a smaller metal ion can 
be achieved by lowering the denticity of a ligand [55].  
The presence of other potentially ligating molecules in significant concentrations in some 
organelles – and which can compete with or complement the coordination offered by the 
probe – should be considered too.  Mg2+ binds strongest to key enzymes like ATPase and 
ATP-synthetase (Ka = 108 M–1), and is the major counterion associated with DNA and RNA.  
In cell walls, teichoic acid – based on a glycerol phosphate backbone – binds Mg2+ strongly.	  	  
Relatively strong 1:1 complexes are formed with ATP, GTP and pyrophosphate (range 104 to 
106 M–1), but these complexes are of modest kinetic stability, with dissociation rates of the 
order of 103 to 104 s–1, such that ‘free’ phosphate units become available. 
With ligands of lower denticity, the Mg2+ ion is coordinatively unsaturated and the formation 
of complexes of differing speciation must therefore be considered, where bound waters in 
aqueous media are replaced by other ligating species.  With bi- and tridentate ligands for 
example, Mg2+ will also form ML2 complexes, and more critically complexes of the type 
MgLX, where X is OH (from hydrolysis of a coordinated water) or represents a polydentate 
anion.  In a cellular environment, the large range of phosphorus oxyanions – such as those 
listed above – must be considered.  The pertinent stability constants listed in Table 2 make 
- 15 - 
the point clearly.  The formation of ternary anion adducts is seldom considered in much 
published work, and a naïve assumption of simple MgL formation is often invoked.  Thus, 
although reducing ligand denticity does offer a means of favouring selectivity towards 
smaller ions like Mg2+, due consideration must be given to ternary complex formation. 
Table 2  Stability Constant Data for Magnesium Anionic Complexes. 
 ATP [56] ADP [56] pyrophosphate [57] citrate [58] 
log KMgL 4.72 4.11 5.41 3.31 
log KMgLH 2.79 2.94 3.06 4.09 
 
In summary, the following methods emerge to aid the design of selective chelates for Mg2+: 
1. Harder donor atoms will favour the binding of harder metals.  Since Mg2+ is a hard 
polarising cation, prospective ligands will need to feature hard donor groups.  
2. Ligands of lower denticity could allow for more selective binding of Mg2+ over Ca2+.  
Low denticity can, however, cause additional complications through ternary complex 
formation (Sections 4 and 5). 
3. The incorporation of 6-membered chelate rings in place of 5-membered ones will 
increase selectivity for Mg2+ over Ca2+ due to the difference in ionic radius.  
In subsequent sections, we discuss the effect of lowering the ligand denticity in an attempt to 
bind the smaller Mg2+ ion more selectively, with accompanying literature examples.  An 
alternative approach will also be discussed, namely increasing the dimensions of the chelate 
ring around Mg2+ through the use of phosphinate as opposed to carboxylate ligands 
(Section 3.2). 
3. Pentadentate Ligands  
Pentadentate ligands were the first binding chelates developed in an attempt to understand 
Mg2+ homeostasis in greater detail.  Research has predominantly focused on 
aminocarboxylate ligands such as o-aminophenol-N,N,O-triacetic acid, APTRA (Fig. 6C), but 
recent work has introduced the phosphinate analogue, o-aminophenol-N,N-diacetate-O-
methylene-methylphosphinate, APDAP (Section 3.2).  Both APTRA and APDAP contain five 
hard ligating atoms (N and O), which are expected to form four 5-membered chelates 
[5,5,5,5] around divalent metal ions (illustrated for APTRA in Fig. 6C).  
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Fig. 6. The structures of (A) EDTA, (B) BAPTA and (C) APTRA.  The formation of a [5,5,5,5] complex upon 
binding a metal ion is illustrated for APTRA.  Binding groups in the free ligands are highlighted in blue. 
 
3.1 Carboxylate Ligands – APTRA  
The combination of amine and carboxylate groups separated by a single carbon atom is 
ubiquitous amongst ligands used for the binding of Group 2 and hard transition metal ions.  
Ethylenediaminetetraacetic acid, EDTA (Fig. 6A), for example, is used to sequester metal 
ions and inhibit bacterial growth in a vast array of consumer products [59], while the work of 
Tsien and co-workers led to BAPTA [60] and Fura-2 [61].  BAPTA (Fig. 6B) is an 
octadentate chelator that forms seven 5-membered rings around metal ions, binding Ca2+ 
with an extremely high affinity and with good selectivity.  Detailed homeostatic information is 
known about Ca2+ and its crucial role in cell signalling thanks to these chelators [51]. 
The smaller Mg2+ ion, in comparison, received much less attention.  A major advance can be 
traced to the development of pentadentate o-aminophenol-N,N,O-triacetic acid (APTRA, 
Fig. 6C) by London and co-workers in the late 1980s to measure ‘free’ Mg2+ in the cytosol by 
19F NMR experiments [62].  APTRA, an analogue of EDTA, is a lower denticity cousin of 
BAPTA that forms four 5-membered chelate rings with metal ions, denoted a [5,5,5,5] 
chelate.  It was hypothesised that a lower denticity compared to the octadentate BAPTA 
would inherently favour the binding of the smaller Mg2+ ion.   
FURAPTRA, or Mag-Fura-2, was the first fluorescent probe reported to detect the binding of 
Mg2+ (Fig. 7A).  It incorporates the APTRA chelate into a fluorescent aromatic moiety to 
allow transduction of the metal binding event into an optical signal.  Structurally analogous to 
Fura-2, Mag-Fura-2 has a Kd of 1.5 mM in HEPES buffer and was first used to quantify a 
cytosolic Mg2+ concentration of 0.59 mM in isolated rat hepatocytes [63].  Although it was 
determined that Mag-Fura-2 displayed a higher affinity for Ca2+ (Kd  =  53  𝜇M), the 
concentration of ‘free’ Ca2+ in most cells is two to three orders of magnitude lower, in the 
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high nM (or low µM) range [63,64].  Such an affinity introduces a number of significant 
challenges when attempting to quantify ‘free’ Mg2+ concentrations in cellular compartments 
where Ca2+ ions are above basal levels.  For example, the endoplasmic reticulum, Golgi 
apparatus, and serum have ‘free’ Ca2+ in the low mM (or high 𝜇M) range [65–67]. In the 
Golgi apparatus Mg2+ is believed to be present in much lower concentrations, but as 
organelle selective probes are not yet available, data on the resting concentrations and flux 
of the Mg ion to and from these organelles is lacking.  Complications could also arise when 
monitoring the flux of ‘free’ Mg2+ in cells, as Ca2+ fluctuations can result in higher cellular 
concentrations above basal levels [64].  The higher affinity for Ca2+ vs Mg2+ is due to a 
number of factors, but a likely contribution is the preference of the larger Ca2+ ion to form 5-
membered ring chelates (Section 2.4).  
A further limitation is that the commercially available, first-generation APTRA sensors, Mag-
Fura-2 and MagIndo-1 (absorption 𝜆!"# = 369 and 349 nm respectively) [62,67] have 
relatively short excitation and emission wavelengths, limiting their application.  The report of 
Nap.APTRA (Fig. 7E) in 2001 was seen as an alternative synthetic pathway to introduce a 
range of polyaromatic groups into the APTRA binding chelate [69].  In buffered solutions (pH 
= 7.2, 16 𝜇M), naphthalene-based Nap.APTRA was found to act as a ‘turn-on’ ratiometric 
probe in the presence of Mg2+, with a 7-fold increase in the fluorescence intensity at 358 nm 
and a 1.8-fold increase observed at 499 nm.  A 30 nm blue-shift in the excitation spectrum 
was observed on Mg2+ binding, due to the elimination of ICT from the lone pair of electrons 
on the aniline nitrogen atom into the aromatic reporter group (Section 2.6.2) [69].  Such a 
response is characteristic of para-substituted aniline probes of this nature [60,61,70].  
More recently, second generation APTRA-based systems have been developed to enable 
longer-wavelength excitation and emission.  Buccella and co-workers have developed a 
range of APTRA sensors that possess excitation wavelengths more suitable to live 
fluorescence imaging applications.  The incorporation of heavier chalcogens (S, Se) in place 
of the oxygen atom in the structure of Mag-Fura-2 (e.g. Mag-S, Fig. 7B) resulted in a larger 
Stokes’ shift between the unbound and metal-bound states of the aromatic reporter group.  
The largest bathochromic shift in the unbound state was reported for Mag-Se (Fig. 7C) with 
an excitation maximum of 412 nm and an emission maximum of 584 nm, significantly red-
shifted compared to 369 nm and 511 nm respectively for Mag-Fura-2 [71].   
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Fig. 7. The structures of first and second generation of APTRA analogues discussed in this review. Binding 
groups are highlighted in blue.  
The addition of specific targeting functionalities has enabled Mg2+ to be visualised directly in 
organelles via fluorescence microscopy [72–74].  A range of design approaches have been 
taken – including the use of small molecule sensors [72] and hybrid protein-small molecule 
systems using HaloTag protein labelling technology [75] – to enable localisation into an 
organelle of particular interest [73,74].  The latter approach, in particular, offers an extremely 
versatile targeting strategy and permits long-term cellular retention.  
One such interesting example of a small molecule targeted sensor is Mag-mito (Fig. 7F), 
which is structurally similar to Mag-Fura-2, but instead contains a triazole ring to link a 
mitochondrial targeting moiety to a fluorescent APTRA-based chelate.  To enable cell 
localisation, the carboxylate binding groups were first protected with acetoxymethylesters, 
which were subsequently hydrolysed by intracellular esterases after probe uptake (Section 
2.6.3).  The use of Mag-mito has provided evidence of Mg2+ fluctuations in the mitochondria 
during the preliminary stages of staurosporine-induced apoptosis in HeLa cells [72].  During 
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cell apoptosis, it was found that there was an approximate 3-fold increase in ‘free’ Mg2+ to 
2.6 mM in comparison to the control experiment with the absence of staurosporine [72].  
The use of BODIPY fluorophores has allowed excitation and emission wavelengths to be 
further red-shifted into the visible range.  BODIPY compounds are well known to have high 
quantum yields, low cytotoxicity and narrow emission and excitation profiles, making them 
exceptional candidates for use in fluorescence imaging [76].  The core structure also 
provides an opportunity for further functionalisation and has led to the development of a 
range of BODIPY-based metal-binding fluorophores [77–79].  Compounds Mag-B1 (𝜆!" = 
496 nm) and Mag-B2 (𝜆!" = 575 nm) are two examples of BODIPY-APTRA probes to detect 
Mg2+, giving Kd values in the low mM range (4.3 mM for Mag-B1 and 2.1 mM for Mag-B2) 
(Fig. 7G and Fig. 7H) [80].  A ‘turn-on’ response was reported with a 15- and 58-fold 
increase in the emission intensity for Mag-B1 and Mag-B2 respectively upon saturation, due 
to the inhibition of PET that quenches the fluorescence in the unbound form (Section 2.6.2).  
Red-shifted Mag-B2 was subsequently studied in live HeLa cells to visualise changes in 
intracellular ‘free’ Mg2+ (Fig. 8) [80].  
 
Fig. 8. (Top) Fluorescence imaging of Mg2+ with Mag-B2 in live HeLa cells and (bottom) with the addition of 5 
mM EDTA [80]. Reprinted with permission from [80]. Copyright The Royal Society of Chemistry 2016. 
One significant disadvantage of Mag-B1 and Mag-B2, however, is that unlike Mag-Fura-2 
and Mag-S, they have a non-ratiometric response to the binding of metal ions.  Intracellular 
artefacts such as photobleaching and dye loading can affect the reliability of such intensity-
only probes [80]. 
Amongst the examples discussed above, changing the fluorophore from the first to the 
second generation of APTRA probes improves practical aspects such as λex, but it does 
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nothing to improve the intrinsic Mg2+ vs Ca2+ selectivity profile.  In each case, the [5,5,5,5] 
binding chelate of APTRA binds Ca2+ with a higher affinity than Mg2+, in the 𝜇M range.  Low 
Ca2+ concentrations in most cellular compartments means interference may well be 
generally small.  Nevertheless, to eliminate competitive binding completely, cells have had to 
be pre-loaded with BAPTA in some studies, to ensure that the observed fluorescence 
response can be safely attributed to Mg2+ alone [80].  For extracellular applications or in 
cellular compartments where the concentration of ‘free’ Ca2+ is higher, APTRA-based probes 
are unsuitable for detection of Mg2+, as the probe is fully saturated by competing Ca2+ ions.   
 
Lanthanide-based APTRA complexes – a surprising influence on Mg2+ vs. Ca2+ 
selectivity 
Luminescent lanthanide complexes offer several advantages over conventional 
fluorophores.  They have large pseudo-Stokes’ shifts between the absorbance and emission 
maxima and sharp emission bands [81].  They have unusually long excited state lifetimes 
(𝜇s – ms) at room temperature, which are not quenched by molecular oxygen, enabling time-
gating experiments to be carried out in biological media to eliminate background 
fluorescence [82,83].  Direct excitation of lanthanide ions is inefficient due to their low molar 
extinction coefficients, but this limitation can be circumvented by using a strongly-absorbing 
organic chromophore as a sensitiser [84].  
A range of functionalised lanthanide complexes have been developed as probes to bind and 
respond optically to a number of mono- and di-valent cations [85–89].  The aromatic metal 
binding unit also acts as the sensitiser.  The first example of an APTRA-based lanthanide 
complex was reported by Parker and co-workers over two-decades ago [86].  Complex 
[Ln.L4] (Fig. 9A) shows 𝜇M affinity for both Ca2+ and Zn2+ ions and low mM affinity for Mg2+ 
[86]. 
- 21 - 
 
Fig. 9. APTRA-based lanthanide complexes, [Ln.L4],[86] [Eu.L1], [Eu.L2] and [Tb.L3] [90].  Binding groups are 
highlighted in blue.  
More recently, APTRA has been incorporated into both a pyridylalkynylaryl, [Eu.L1] and 
[Eu.L2] (Fig. 9B and C), and pyridylaryl chromophore [Tb.L3] (Fig. 9D).  Both types of 
complexes are based on an octadentate DOTA-based unit for binding of the Ln3+ ion, which 
forms thermodynamically stable and kinetically inert complexes (DOTA = 1,4,7,10-
tetraazacyclododecane-tetraacetate) [90].    
Typical of literature examples of luminescent N-para-substituted APTRA analogues [63,69–
72,80,90], [Eu.L1] displayed a ratiometric response in its excitation spectrum on binding of 
divalent metal ions due to the elimination of ICT.  The intensity of Eu3+ emission decreased.  
In contrast, [Eu.L2] was found to be non-ratiometric, probably due to less significant ICT 
character from the weaker donor ability of the para phenolic oxygen atom, but does show a 
highly desirable ‘turn-on’ response in terms of intensity [90].     
For each lanthanide complex in this study, a larger luminescent response was reported for 
the binding of Ca2+ and Zn2+ ions, attributed to a stronger binding to the aniline nitrogen atom 
perturbing the ICT state in the absorption spectrum [90].  
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Remarkably, the relative response towards Mg2+, Ca2+ and Zn2+ ions was very different 
compared to other APTRA-based literature examples, including [Ln.L4], displaying mM 
affinities for Mg2+ and Ca2+ and a 𝜇M affinity for Zn2+.  The highest selectivity was observed 
from [Eu.L2], with Kd values of 3.7 mM, 0.9 mM and 53 𝜇M for Mg2+, Ca2+ and Zn2+ ions 
respectively [90].  An 18-fold reduction in Ca2+ binding affinity was displayed compared to 
[Ln.L4], and could be due in part to the lower aryl N and O atom donor ability in the push-pull 
lanthanide systems.  Differential solvation effects may also be implicated, with the solvation 
of the lanthanide complex and/or the metal ion affecting the free energy of complexation 
[91,92].  The lowest Mg2+ affinity in the series was shown by [Tb.L3], with a Kd of 16.9 mM 
[90].   
Complexes [Eu.L1], [Eu.L2] and [Tb.L3] are the only known examples of APTRA chelates to 
exhibit such a high selectivity for Mg2+ over Ca2+, and enabled ‘free’ Mg2+ to be measured for 
the first time in new-born calf serum (NCS) with the ‘turn-on’ probe [Eu.L2] [90].  A Kd value 
of 2.4 mM was calculated for Mg2+ binding in NCS [90], slightly higher than the known 
concentration of ‘free’ Mg2+ in healthy human serum (0.7 – 1.1 mM) [93,94].  
Although the incorporation of APTRA into lanthanide push-pull systems showed promising 
results, further work is required in order to increase the excitation wavelength of the 
chromophore to improve its applications for fluorescence microscopy.  The design of a 
ratiometric probe to measure Mg2+ concentrations directly in human serum is also highly 
desirable.  
  
3.2 Phosphinate ligands – APDAP  
A limited number of ligand chelates containing phosphinate groups, –P(O)RO–, as opposed 
to carboxylates have previously been assessed.  Parker and co-workers developed a range 
of macrocyclic azaphosphinate ligands and studied their complexation with divalent cations 
(Mg2+, Zn2+, Co2+) and trivalent cations (Fe3+ and Ga3+ and Ln3+) [95,96]. In 2018 our group 
developed o-aminophenol-N,N-diacetate-O-methylene-methylphosphinate (APDAP), an 
APTRA analogue featuring a phosphinate group in place of the phenolate-bound carboxylate 
[97].  Like APTRA, APDAP is a pentadentate ligand that forms a [5,5,5,5] chelate on binding 
to divalent metal ions (Fig. 10A).  The longer C–P and P–O bond lengths mean that the 5-
ring chelate containing the phosphinate group has a larger bite angle.  Its absorption 
spectrum is largely insensitive to pH in the physiological range, favouring its potential 
application as a metal ion probe in cells [97]. 
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Fig. 10. (A) The structure of APDAP and calculated bond lengths and bite angle (θ) around Mg2+.                       
(B) Corresponding bond lengths and bite angle for APTRA bound to Mg2+.  Binding groups are in blue.  
Absorption spectroscopy was used in the first instance to monitor the binding of divalent 
metal ions.  {The fluorescence associated with the simple aryl chromophore is too weak and 
the excitation wavelength too short for practicable assessment by fluorescence 
spectroscopy}.  In aqueous solution, the absorption spectrum consisted of one main band at 
254 nm with a distinct shoulder at 285 nm.  Following binding of Mg2+, the absorbance of the 
main band decreased and a Kd value of 12.7 mM was calculated, slightly higher than the 
concentration within cells and serum.  In comparison, the binding of Ca2+ and Zn2+ produced 
a rather different absorption profile, similar to that observed on protonation, from which it 
could be tentatively concluded that the aniline nitrogen atom plays a more prominent role in 
binding to the larger Ca2+ and more polarisable Zn2+ ions.  Kd values of 1.08 mM and 17 𝜇M 
were calculated for Ca2+ and Zn2+ respectively (Fig. 11). Although there is a 7-fold reduction 
in Mg2+ affinity compared to APTRA, the affinity for both Ca2+ and Zn2+ was reduced much 
more – by two to three orders of magnitude.  Therefore, the overall selectivity for Mg2+ is 
significantly improved [97].   
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Fig. 11. Absorbance spectra (left) and binding curves with associated fits in red (right) of APDAP following 
the addition of (A) Mg2+, (B) Ca2+ and (C) Zn2+ in [HEPES] buffer (50 mM [HEPES], 100 mM [KCl]), pH = 
7.21, T = 298 ± 3 K [97]. Reprinted with permission from [97]. Copyright The Royal Society of Chemistry 2018.     
A series of DFT calculations was undertaken in order to understand this improved Mg2+ 
selectivity, focusing on the bond lengths and bond angles of APTRA vs. APDAP.  Compared 
to the M–L bond distances determined crystographically by Buccella and co-workers for the 
Mg2+ and Zn2+ complexes of APTRA [55], shorter M–L bond lengths were estimated 
theoretically for the Mg2+ complex of APDAP (Fig. 10).  On the other hand, very little 
difference in M–L bond lengths was observed between the Zn2+ complexes of the two 
ligands, which were modelled with one H2O molecule completing the coordination sphere in 
each case [97].  
The lowest energy conformation of 5- and 6-membered chelates is discussed in detail in 
Section 2.4 (Fig. 3).  In the case of APDAP, longer P–O and C–P bond lengths displayed in 
[Mg(APDAP)(H2O)]– (Fig. 10), compared to C–O and C–C bonds in [Mg(APTRA)(H2O)]–,  
increase the bite angle around the Mg2+ ion.  This subtle change in donor group affecting 
cation binding affinities has previously been reported for phosphinate aza-macrocycles [95], 
and rationalises the higher selectivity demonstrated towards Mg2+ ion binding for 
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phosphinate-based APDAP.  The introduction of a phosphinate group gives the 5-membered 
chelate a larger bite angle (and more akin to that found in a 6-membered chelate), thus 
inherently favouring the binding of the smaller Mg2+ ion. 
The APDAP binding framework was subsequently connected to a naphthalene fluorophore 
in order to provide a means of monitoring the binding of divalent cations via fluorescence 
spectroscopy, e.g. Nap.L3 (Fig. 12C) [98].  Similar to the absorption studies of the APDAP 
unit itself, a significantly higher Mg2+ vs. Ca2+ selectivity was observed by fluorescence for 
Nap.L3, compared to carboxylate analogues Nap.L1 and Nap.L2 (Fig. 12A and B 
respectively), enabling the binding of Mg2+ to be analysed in competitive media to simulate 
human serum.  For example, dissociation constants of 0.5 mM, 0.4 mM and 3.3 𝜇M were 
recorded respectively for Mg2+, Ca2+ and Zn2+ ions and suggest that Nap.L3 is more suitable 
for biological applications than those of the APDAP binding unit alone.  Unlike its carboxylate 
analogues, Nap.L3 displayed a non-ratiometric response in the excitation spectrum on Mg2+ 
binding.  However, as with the preliminary absorbance binding studies of APDAP, a 
ratiometric response was observed for Ca2+ and Zn2+, again suggesting the aniline nitrogen 
atom plays a minor role in binding to the smaller Mg2+ ions [98].  
 
Fig. 12. The structures of APTRA-based Nap.L1 (A), Nap.L2 (B) and APDAP-based Nap.L3, (C).  Binding 
groups are highlighted in blue 
4. Bidentate ligands: 𝜷-keto acids 
Outlined in Section 2.5, it is clear that ligand denticity can be used as a tool to favour the 
binding of particular metal ions selectively.  Over the last two decades, 𝛽-keto acids have 
emerged as a lower denticity alternative to the pentadentate APTRA [5,5,5,5] ligand binding 
framework.  The first set of 𝛽-keto acid-functionalised probes to bind Mg2+ were reported by 
London and co-workers in 2001, based on a 4-oxo-4H-quinolizine-3-carboxylic acid binding 
framework (Fig. 13A) [99]. 
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Following this report, Suzuki and Oka have developed a range of 𝛽-keto acid-based sensors 
for fluorescence imaging applications within the so-called KMG series [99 –102].  Bidentate 
𝛽-keto acids form 6-membered ring chelate structures (Fig. 13B).  A 6- rather than 5-
membered chelate coupled with the lower ligand denticity significantly favours the binding of 
the smaller Mg2+ ion over its larger competitor, Ca2+.  The binding of Mg2+ is, therefore, more 
selective. Typically, 𝛽-keto acids display a mM affinity for both Mg2+ and Ca2+ ions, rather 
than the mM and 𝜇M affinities displayed by the majority of APTRA analogues for Mg2+ and 
Ca2+, respectively.  
 
Fig. 13. (A) A bidentate 4-oxo-4H-quinolizine-3-carboxylic acid ligand and (B) [6] membered ring chelate formed 
on metal binding.  Donor groups are highlighted in blue. 
Another well explored 𝛽-diketone group for Mg2+ binding is that based on a coumarin 
fluorophore (for example, KMG-20, Fig. 14A) [100,101,104].  However, these ligands have 
not been utilised to the same extent as the 4-oxo-4H-quinolizine-3-carboxylic acid binding 
framework.  Although they typically possess a similarly advantageous mM affinity for Ca2+, 
the affinity displayed for Mg2+ is too weak (most have a Kd > 10 mM).  The origin of this 
difference is possibly the increased electron-donating ability of the nitrogen atom in the 
quinolizine ring compared to the oxygen in the coumarin system, making the carbonyl donor 
harder in the former case [101].  Quinolizine-based bidentate binding sites have since been 
incorporated into a range of fluorophores including, for example, fluorescein (KMG-104, Fig. 
14B) [101] and rhodamine (KMG-301, Fig. 14C) [102] to give fluorescent ‘turn-on’ sensors.  
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Fig. 14. The structures of the 𝛽-keto acid probes discussed in this review.  Binding groups are highlighted in blue.  
A number of fundamental advantages are displayed by the β-keto acids compared to the 
higher dentate APTRA chelators.  Most significantly, their superior Mg2+ vs Ca2+ ion 
selectivity profile alleviates concerns of co-reporting Ca2+ fluxes.  However, they too have a 
number of limitations.  Ligands in the KMG series are non-ratiometric, unlike many of the 
APTRA-based fluorescent sensors, operating via a ‘turn-on’ PET mechanism, with no 
wavelength shift on metal ion binding (Section 2.6.2).  The bidentate binding nature of the 
β-keto acids has also been found to result in the formation of mixed species with Mg2+, 
forming binary complexes with ‘free’ Mg2+ and ternary complexes with Mg–ATP2– (Fig. 15) 
[17].  Not only was it proven that binding to Mg–ATP2– occurs, but it was also shown that 
such binding can cause a larger spectral response than binding to ‘free’ Mg2+ ions (Fig. 15) 
[17].  In most cases, simple fluorescence measurements cannot be used to distinguish 
between the bound and ‘free’ states of Mg2+ that can be formed in the cell, because the Kd 
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values for both species are in the low mM range (3.8 mM for Mg2+, 14.2 mM for Mg–ATP2–) 
[17].  So, although it is fair to say that β-keto acids show selectivity for Mg2+ over Ca2+, they 
are not selective for ‘free’ Mg2+, reducing confidence in the reliability of in vivo experiments 
utilising probes with this ligand.  
 
Fig. 15. The emission spectra for the formation of a binary (probe–Mg2+) and ternary complex (probe–Mg–
ATP2–) observed for 𝛽-keto acids developed by Buccella and co-workers, R = fluorophore. [17] Reprinted with 
permission from  [17], https://pubs.acs.org/doi/10.1021/ic5000606. Copyright (2014) American Chemical Society. 
Further permission related to the material excerpted should be directed to the ACS. 
Notwithstanding the formation of ternary complexes in vivo, there have been a number of 
recent reports of sensors that feature the 4-oxo-4H-quinolizine-3-carboxylic acid binding 
framework, in an attempt to try to remedy this shortcoming.  Treadwell and co-workers 
attached a BODIPY fluorophore to a 4-oxo-4H-quinolizine-3-carboxylic acid binding chelate 
and showed that the spectral response of this turn-on sensor in vitro was 5-fold larger for 
‘free’ Mg2+ than for Mg–ATP2– [105].  The fluorescence response to ‘free’ Mg2+ and Mg–
ATP2– is evidently highly dependent on the system under investigation.  But, the selectivity 
issue remains. 
Subsequently, it was shown in work by Buccella and Lin towards the development of MagQ2 
(Fig. 14D) that further modification of the BODIPY core with a styryl unit can provide a 
sensor with the water solubility, appropriate level of lipophilicity and long excitation 
wavelengths desired for cellular imaging.  Furthermore, it was shown that MagQ2 was 
capable of monitoring fluxes of ‘free’ Mg2+ in HeLa cells [106]. 
The most recent report of a quinolizine based sensor, KMG-501 (a PET-type ‘off-on’ 
response, Fig. 14E), features a Si-rhodamine unit as the fluorescent platform, and is the first 
example of a near-infrared (NIR) probe for Mg2+ [103].  Such an investigation comes over 20 
years after the first NIR sensor for Ca2+, highlighting again how far Mg2+ research has lagged 
behind other divalent metal ions [107].  Oka and co-workers developed a “multi-colour” 
imaging study, where KMG-501 was used to monitor changes in ‘free’ Mg2+, alongside 
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ATeam and tetramethylrhodamine ethyl ester (TMRE), visualising ATP concentration and 
mitochondrial membrane depolarisation, respectively (Fig. 16).  The fluorescence signal 
emitted from the four fluorophores was monitored from the same cell (Fig. 16A and Fig. 
16B).  
Following treatment with FCCP†, the mitochondrial inner membrane potential decreased 
dramatically with an increase in cytosolic Mg2+.  A gradual decrease in the concentration of 
cytosolic ATP was also observed (Fig. 16C) and weakly correlated with an increase in ‘free’ 
Mg2+.  No such correlation was seen with the change in mitochondrial inner membrane 
potential with cytosolic ATP concentration (Fig. 16D) [103].  
 
Fig. 16. (A), (B) Multi-colour imaging of intracellular Mg2+ (KMG-501), ATP (CFP and YFP) and mitochondrial 
inner membrane potential (TMRE), (C) Emission of KMG-501 (black), ATeam (green) and TMRE (red) following 
treatment with FCCP and (D) Correlation between inner mitochondrial membrane potential with KMG-501 (left) 
and TMRE (right).[103]   Reprinted with permission from [103].  Copyright (2019) American Chemical Society.     
This new approach of “multi-colour” imaging provided evidence that 𝛽-keto acids could be 
used to qualitatively monitor changes in ‘free’ Mg2+ in vivo.  It was assumed that like ATP, 
the concentration of Mg–ATP2– also decreased, allowing the authors to argue that KMG-501 
was more responsive to changes in ‘free’ Mg2+ than Mg–ATP2– [103]. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
† FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone) uncouples the mitochondria inner 
membrane potential inducing the release of ‘free’ Mg2+ into the cytosol [114]. 
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The latest reports on 𝛽-keto acid sensors show increasing promise that probes of this nature 
could be used in the future to reliably monitor ‘free’ Mg2+ fluctuations in cells qualitatively, so 
as to develop understanding of the role of Mg2+ in cell signalling without interference from 
Ca2+.  Yet it is unlikely that these probes will be suitable candidates to quantitively measure 
‘free’ Mg2+ concentrations in areas of the body/cell where Ca2+ concentrations are above 
basal levels, because of the interference from Mg-ATP2–.  Such interference is likely to be 
problematic, as in these areas the concentration of Mg-ATP2– is significantly higher than that 
of ‘free’ Mg2+ ions. Interference from Mg-pyrophosphate is also likely to be problematic, but 
has not been considered.    
Despite much potential, β-keto acid-based systems may, therefore, not solve the problem of 
monitoring Mg2+.  In Ca2+-rich areas, this is particularly apparent, where APTRA chelators 
are also unsuitable.  Alternative ligands/probes are required that are selective for Mg2+ over 
Ca2+, and that will not form ternary complexes in vivo.  The pentadentate-based [Eu-L2] 
(Section 3.1) and APDAP (Section 3.2) that have shown promising initial results could be 
explored further to this end.  
 
5. The Use of Tridentate Ligands 
Only a few examples of Mg2+ sensors with a tri- or tetradentate binding chelate have been 
reported.  In 2017, Kikuchi and co-workers described a series of ‘turn-off’ tridentate 
fluorescent probes for Mg2+ ions.  The MGQ series (e.g. MGQ-2, Fig. 17A) forms one 6- and 
one 5-membered ring around metal ions (Fig. 17B) [108].  The lower denticity and the 
formation of a [6,5] ring chelate significantly favoured the binding of Mg2+ over the larger 
Ca2+, leading to a high Mg2+ vs Ca2+ selectivity.  Additionally, the shorter M–L bond distances 
in Mg2+ complexes [109] suggest that more rigid binding chelates (such as MGQ-2) are 
highly advantageous to improve selectivity in chelators of a lower denticity.  The importance 
of chelate rigidity demonstrated here is consistent with the findings of Cram [27] and 
Hancock [37] discussed in Section 2: ligand pre-organisation significantly improves the 
binding affinity and selectivity for metal ions, due to the reduction in conformational flexibility 
of the free ligand in solution. 
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Fig. 17. (A) MGQ-2 developed by Kikuchi and co-workers [108] and (B) the [6,5] chelate of on binding of Mg2+, 
(C) A low-affinity Mg2+ probe, Compound A, [108] and its [6,5] chelate (D). (E) The structure of Nap.L4 and (F) 
the [6,5] chelate on binding to Mg2+.  Binding groups are highlighted in blue.  
In this study, only the rigid tridentate ligands MGQ-1 and MGQ-2 displayed desirable binding 
properties for Mg2+.  For example, MGQ-2 displayed Kd values of 0.27 mM for Mg2+ and 1.5 
mM for Ca2+.  A 540 nM affinity was calculated for the binding of Zn2+ ions.  In contrast, a 
more flexible tridentate iminocoumarin-based chelator IC-1 (Fig. 17C) showed a weak 
affinity for Mg2+, with very little interference from Ca2+.  Increasing the ligand denticity to 4 or 
5 improved the binding affinity for both Mg2+ and Ca2+ ions, but with a poor Mg2+ vs. Ca2+ 
selectivity profile [108].   
Similarly to bidentate 𝛽-keto acids, the formation of ML2 and MLX complexes with tridentate 
ligands must also be considered (Section 2.7 and 4), a process that is often overlooked in 
the literature. A binding study of MGQ-2 with Mg–ATP2– also determined that formation of 
ternary species is highly probable in solution.  A comparable affinity was observed for the 
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addition of 0.3 – 10 mM of both Mg2+ and Mg–ATP2–, with only subtle differences reported in 
the absorption spectrum in each case.  Kikuchi and Mizukami postulated that it is likely that 
MGQ-2 binds Mg2+ competitively with ATP, due to its small dissociation constant [108].  
Subsequent work by the group has seen the combination of ‘turn-off’ MGQ-2 and ‘turn-on’ 
green fluorescent probe for ratiometric detection of the flux of Mg2+ out of HEK293 cells 
[110].  
A tridentate phosphinate-based ligand, Nap.L4 has also been examined (Fig. 17E) [98].  
Similarly to IC-1, only very weak binding was observed for Mg2+ and Ca2+ ions, with 
negligible fluorescence response.  It is possible that the weaker donor effect of the aniline 
nitrogen postulated in other phosphinate donor systems [97] makes Nap.L4 more ‘bidentate’ 
in nature.  It is also plausible to suggest that the increased flexibility of the ligating donor 
groups reduced the binding affinity in a similar manner to IC-1.  Therefore, when lowering 
the denticity of ligand chelates to bind the smaller Mg2+ ion, the rigidity of the binding chelate 
also needs to be considered in order to maximise affinity and selectivity of binding.   
 
6. Conclusions and Outlook  
Over the last decade, a significant amount of research has been undertaken to unlock more 
detailed information about the role of Mg2+ in vivo.  However, research lags way behind that 
of other divalent metal ions and, in order to understand Mg2+ homeostasis in more detail, a 
great deal of additional work is required. The relative merits of a number of binding chelates 
of different denticities have been discussed and analysed, and the different approaches 
identified that have been undertaken in attempt to bind Mg2+ more selectively.  It is clear that 
a binding unit that fulfils all of the desirable quantities for sensing Mg2+ in vivo is still required. 
The properties of the main examples of probes discussed in this review are summarised in 
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Table 3 Spectroscopic properties of selected pentadentate, tridentate and bidentate probes for ‘free’ Mg2+. 
 [a] Emission spectra not recorded. [b] Ratiometric sensor, values for the metal–free and Mg2+–bound states 
respectively. [c] Kd values were not recorded and competitive ML2 speciation was not considered.  
 
Binding ‘free’ or labile Mg2+ selectively over Ca2+ and Zn2+ remains the biggest challenge for 
pentadentate chelates. “Free’ Ca2+, for example, has an intracellular concentration of ~100 
nM, in contrast to the millimolar concentrations found in extracellular fluids [64].  In contrast, 
‘free’ Zn2+ levels are much lower, with transient concentration values ranging from tens to 
hundreds of pM [112,113]. Higher levels of zinc are found however in certain regions of the 
body, such as the pancreas and in prostatic fluid.  Lanthanide-based [5,5,5,5]-APTRA 
chelators have been shown to display a high Mg2+ vs Ca2+ selectivity, far superior to other 
APTRA probes in the literature.  Such an affinity enabled the monitoring of ‘free’ Mg2+ 
concentrations in NCS for the first time, although the use of a probe with a longer excitation 
wavelength and that offers ratiometric detection is required for more practicable fluorescence 
microscopy experiments.  A greater understanding of the highly push-pull electronic systems 
and complex solvation could pave the way for a new generation of push-pull probes for 
various metal ions.  
Probe Abs 𝝀𝒎𝒂𝒙  
(nm) 
Emission 
𝝀𝒎𝒂𝒙  (nm) 
Kd Mg2+ Kd Ca2+ Kd Zn2+ [ref] 
Pentadentate – APTRA 
APTRA 254 – [a] 1.8 mM 9.8 𝜇M 10 nM [55] 
Mag–Fura–2 369, 330 [b] 511, 491 [b] 1.9 mM 25   𝜇M 20 nm [63,111] 
Mag–Se 412, 360 [b] 584, 562 [b] 3.3 mM 41 𝜇M 60 nM [71] 
Mag–B2 575, 576 [b] 601 [b] 2.13 mM 15.4 𝜇M N.D [c] [80] 
[Eu.L2] 318, 318 [b] 699 3.7 mM 0.9 mM 1.9 𝜇M [90] 
Pentadentate – APDAP 
APDAP 254 – [a] 12.7 mM 1.08 mM 17   𝜇M [97] 
Nap.L3 350 550, 547 [b] 0.5 mM 0.4 mM 3.3   𝜇M [98] 
Tridentate 
MGQ-2 516 536 0.27 mM 1.5 mM 540 nM  [108] 
IC-1 341 507 16.5 mM N.D [c] N.D [c] [108] 
Nap.L4 347 501 N.D [c] N.D [c] N.D [c] [98] 
Bidentate 
KMG–20 425, 445 [b] 485, 495 [b] 10 mM 30 mM N.D [c] [81] 
KMG–104 504 523 2.1 mM 7.5 mM N.D [c] [101] 
KMG–301 563 590 4.5 mM N.D [c] N.D [c] [102] 
MagQ2 516 536 1.5 mM N.D [c] N.D [c] [106] 
KMG–501 663 684 3.2 mM N.D [c] N.D [c] [103] 
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The development of the [5,5,5,5]-APDAP chelate, a pentadentate analogue of APTRA, has 
shown that replacing a phenolate-bound carboxylate group with a phosphinate ligand 
dramatically improved Mg2+ selectivity over Ca2+ and Zn2+.  The affinity for Ca2+ was reduced 
by two orders of magnitude, while the binding of Mg2+ was reduced by a factor of only 7 
compared to carboxylate based APTRA.  Subsequent incorporation into a naphthalene 
fluorophore similarly demonstrated a better Mg2+ vs Ca2+ selectivity profile and a sensitivity 
well suited to cellular ‘free’ Mg2+.  The reduced affinity of Nap.L4 for Ca2+ enabled Mg2+ 
binding to be monitored in competitive binding media to mimic human serum, providing 
encouraging results that APDAP-functionalised luminescent probes could be used in the 
future to determine concentrations of ‘free’ Mg2+ in Ca2+ rich regions of the body. 
Lowering the denticity of binding chelates inherently increases the Mg2+ vs. Ca2+ selectivity 
profile.  Bidentate 𝛽-keto acids bind the smaller Mg2+ ion in a 6-membered ring chelate, with 
a higher selectivity compared to the majority of [5,5,5,5] chelate APTRA probes, apart from 
LnL1-3.  More recently, rigid tridentate probes in the MQG series have also been developed 
with a [6,5] ring chelate around metal ions: they display a high Mg2+ vs. Ca2+ binding 
selectivity, but a less favourable ‘turn-off’ intensity response on metal ion binding.  
Structurally less rigid tridentate ligands have been found to bind Mg2+ or Ca2+ efficiently.  The 
binding of Zn2+ ions to ligands of lower denticity must also not be forgotten.  Although a high 
nM affinity is greater than the concentration of the majority of ‘free’ Zn2+ in cells, it is worth 
considering what future changes rigidity and denticity may have on the binding of Zn2+ ions, 
as well as Ca2+, to eliminate any potential competitive binding complications.  Tridentate 
MGQ-2 displayed a weaker binding affinity for Zn2+ than Mag-Fura-2 (Kd values of 540 nm 
and 20 nm respectively) [108].  However, the affinity is significantly higher than with the 𝛽-
keto acid KMG-301, where a negligible fluorescence response was reported for Zn2+ binding 
[102].  
Good progress has been made in lowering ligand denticity, but problems still remain with 
potential competitive binding of phosphorus oxyanions, e.g. Mg–ATP2–, leading to the 
formation of ternary species.  Recently, it has been suggested that the fluorescence 
response observed for Mg–ATP2– is not as significant to that of ‘free’ Mg2+.  However, it is 
likely to add additional complications for calibration in imaging applications, with some 
degree of error, if the concentration of ‘free’ Mg2+ is to be determined quantitatively.  Ideally, 
binding should not be competitive between ‘free’ Mg2+ and Mg–ATP2–, to ensure the validity 
of experiments.  It should be remembered that Mg–ATP2– is in a significant excess over ‘free’ 
Mg2+.  Therefore, for further progress to be made in this area, it is not only essential to show 
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a high Mg2+ vs Ca2+ selectivity but also important that a high selectivity for ‘free’ Mg2+ is 
demonstrated.   
A tetradentate ligand giving a [6,5,5,5] ring structure, for example, could be an ideal 
candidate for the future.  Such a chelate should favour the binding of Mg2+ over Ca2+, whilst 
simultaneously avoiding any interference from the binding of Mg–ATP2–.  The presence of a 
6-membered ring chelate will inherently favour Mg2+ binding. A ligand chelate with a rigid 
square planar geometry could be attractive and may significantly reduce the possibility of 
competitive binding with Mg–ATP2–. 
Here through literature examples, we have highlighted a set of coordination chemistry 
criteria to consider when developing new, highly selective binding chelates for metal ions. 
The consideration of ligand denticity and the chelate ring size around the metal ion in 
particular are of critical importance.  Approaches outlined in this review are primarily focused 
on the pursuit of superior binding chelates and fluorescent probes for Mg2+ ions. Importantly, 
however, the key criteria discussed here can also be used to improve the binding selectivity 
profile of other biologically relevant metal ions.  
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